The present work aims to investigate transformation and damping characteristics of a Ni 51 Ti/Ni 50:2 Ti alloy synthesized by explosive welding. The DSC results showed that the two endothermic peaks of the unprestrained specimen corresponded to the reverse transformation of each NiTi component. The reverse transformation temperature of Ni 50:2 Ti increased with increasing prestrain level, whereas the reverse transformation peak of Ni 51 Ti was split up into two independent endothermic peaks. Meanwhile, the internal friction results showed that the temperatures of the internal friction peaks of the Ni 51 Ti/Ni 50:2 Ti alloy and the range of reverse transformation temperature increased with increasing of prestrain level, which is consistent with the DSC results. Explosive welding is confirmed an effective method to fabricate chemical heterogeneous shape memory materials.
Introduction
Shape memory alloys (SMAs) have attracted considerable attention for their novel performances, such as shape memory effect (SME), pseudoelasticity, excellent corrosion resistance and high damping, etc. 1) Recently, the needs for high damping materials are increasing from various industries. NiTi alloy is one of the promising materials with both high strength and high damping capacity among those materials. The high damping capacity of NiTi alloy demonstrates itself outstandingly within its transformation region. 2, 3) But the transformation temperature window for NiTi alloy is only about several tens degrees, making the application of NiTi alloy as damping materials quite limited. In this paper, explosive welding as a first attempt was adopted to prepare the ''NiTi/NiTi alloys'', which are bulk NiTi materials with macroscopic heterogeneous in composition. Excellent welds between the two NiTi alloys were observed components by scanning electronic microscope. A perfect reversible martensitic transformation was found in the NiTi/NiTi alloys after the explosive welding. The transformation temperature window for the NiTi/NiTi alloys was made wider by this method. The damping behaviors and the martensitic transformation characteristics of NiTi/NiTi alloys were investigated in this paper.
Experimental Procedure
Ni 51 Ti (NiTi-1) and Ni 50:2 Ti (NiTi-2) alloy sheets of 0.7 mm in thickness were obtained from the Generous Research Institute for Non-ferrous Metals, China. After explosive welding, the sheets were hot rolled at 1073 K. Specimens of 0.8 mm thick, 2 mm wide and 100 mm long were spark cut from the hot-rolled tandems. In succession, specimens were aged at 773 K in vacuum for 1.8 ks followed by cooling into ice water. The specimens were deformed in tension to different levels at the room temperature (300 K) using a tensile machine. The damping behavior was conducted on a LMR-1 Low Frequency Mechanical Relaxation Spectrum Analyzers. This apparatus consists, basically, of an inverted torsion pendulum, a temperature controller, a photoelectron transformer and an industrial computer 610 which controls all measurements and the data can be processed in real time. The internal friction measurements of the specimens were carried out as a function of temperature at a heating rate of 1 K/min and a frequency of 1 Hz. The strain amplitude is 50 Â 10 À6 . All measurements of the internal friction were conducted on the specimens by a method of forced oscillation. Small samples of 4 mm length were cut from the specimens using a low speed diamond saw and differential scanning calorimetry (DSC) experiments were conducted using a Netzsch DSC 2004 Phoenix. All specimens were cooled to 253 K and then subjected to the measurements during heating.
Results and Discussion
Figures 1(a) and (b) show one of the specimens after explosive welding and the interface between the two NiTi components, respectively. A perfect interfacial bonding between the two components was observed. The micrograph showed that a straight interface was obtained after the hot rolling without any observable metallurgical defects. Figure 2 shows that the DSC results of the NiTi alloys before and after explosive welding. From Fig. 2(a) , one can see that at the room temperature only the parent phase existed in the NiTi-1 alloy (M s of NiTi-1 < 273 K), and only the martensite phase existed in the NiTi-2 alloy (M s of NiTi-2 ¼ 304 K). The effects of prestrain on the reverse transformation behaviors were presented in the Fig. 2(b) . One can see that the reverse transformation took place during the heating process, meaning that the reversible martensitic transformation was retained in the tandem after the explosive welding and hot rolling. Obviously, the two endothermic peaks of the 0% prestrained specimen in Fig. 2(b) corresponded to the reverse transformation of NiTi-1 and NiTi-2, respectively. It also can be seen that the endothermic peak corresponded to the reverse transformation of NiTi-2 shifted towards higher temperature with increasing of the prestrain level, but the endothermic peak corresponded to the reverse transformation of NiTi-1 did not change its position with increasing of the prestrain level. The area of NiTi-1 endothermic peak decreased with increasing of the prestrain level. Furthermore, an endothermic peak (identified as EP) between the endothermic peaks corresponded to NiTi-1 and NiTi-2 was presented and its area increased with increasing prestrain level.
The phenomenon of the increase of the reverse transformation temperature by deformation has been extensively investigated 4) over the past few decades and the reasons were attributed to the release of the stored elastic strain energy, 5) or the pinning effect by the deformed structures. 6) At the room temperature, the parent phase in the NiTi-1 (identified as P1) was changed into the stress-introduced martensite (identified as SIM1) under external load, and at the same time the martensite in the NiTi-2 (identified as M2) was also changed into the reorient martensite (identified as RM2), as shown in Fig. 3(a, i-ii) . From Fig. 3(a, iii) , part of the SIM1 was changed back to P1 after unloading at the room temperature and another part of the SIM1 remained in the NiTi-1 because it was under the constraint of the NiTi-2. Thus, it was shown that the larger the prestrain level is, the lower volume fraction of P1 and the higher volume fraction of SIM1 remained in NiTi-1 after unloading. Therefore, the area of the reverse transformation peak of NiTi-1 decreased with increasing prestrain level and its position did not change. In addition, it can be concluded that the EP was associated with SIM1 ! P1 transformation. Figure 4 shows that the comparison between the DSC results and the internal friction results of the different prestrained specimens. As can be seen in Fig. 4(a) , the two independent internal friction peaks were consistent with the DSC peaks. It has been confirmed that these peaks are associated with the B19 0 ! B2 transformation. 6) From  Figs. 4(a), (b) and (c), one can see that the internal friction peak temperature of NiTi-2 increased with increasing of the prestrain level. It could be attributed to the RM2 ! P2 transformation in NiTi-2. It can be seen that the transformation temperature window of NiTi/NiTi alloys increased with increasing prestrain level, even exceeded 100 K, which is due to the mutual constraint between NiTi-1 and NiTi-2. When NiTi-1 was under the transformation region during heating process, the NiTi-1 showed a tendency to contract; however the NiTi-2 side was still in the martensite phase and remained still. Thus the NiTi-1 was subject to the NiTi-2 constraint. Similarly, above the reverse transformation starting temperature of the RM2, the NiTi-2 was also under the constraint of the NiTi-1 alloy. The resultant transformation temperature range was enlarged significantly. This phenomenon is very useful for this NiTi/NiTi alloys to be used as damping materials with a wide operational temperature range.
Conclusions
Two NiTi shape memory alloys with different chemical composition and transformation temperatures are successfully jointed together by explosive welding. The interface of the tandems is free of metallurgical defects. After cold deformation, the reverse transformation temperature of NiTi-2 increases with increasing prestrain level. The reverse transformation peak of NiTi-1 is split up into two independent endothermic peaks associated with M1 ! P1 and SIM1 ! P1. The same results also are confirmed by internal friction measure method. The transformation temperature window of NiTi/NiTi alloys is made wider. It is confirmed that explosive welding is an effective method to fabricate chemical heterogeneous shape memory materials. 
